Abstract-In this paper, we propose a high-performance, ultrasonic sensor-based head movement detection system, which can be easily applied as an eye tracking device by rotating a mirror set in front of a video camera in a head-free video-based eye-gaze detection system. We propose a simple distance measurement method that uses an A-D converter and an envelope detection method. Experimental results indicate small standard deviations of 0.4-0.8 mm (0.10% S.D.) when the distance between the transmitter and the receiver is within the range of 40-80 cm. In addition, we arranged three transmitters on the apices of a triangle to simulate the head of the user. The receivers were arranged on the apices of a larger triangle. The coordinates of each transmitter were determined using the measured distances from the transmitter to the three receivers. The center of gravity of the three transmitters and the normal vector of the plane that includes the three transmitters were calculated based on the estimated coordinates of the three transmitters. The results indicate sufficiently high precision and measuring frequency for our purpose. The proposed method would be useful for adjusting the focus of a zoom lens to the eye, as well as adjusting the direction of the mirror to the eye.
I. INTRODUCTION
A T PRESENT, we are developing a head-free video-based eye-gaze detection system for use as a human-machine interface. The system involves the use of a video camera that is placed 50 or 60 cm from the user's eye [1] . Since the image of the eye moves out of the camera frame as a result of large head movements, we have proposed methods by which a camera [2] or a mirror set in front of the camera [3] is rotated, so that the image of the eye is maintained in the center of the camera frame. However, once the eye image is lost from the frame, the image must be reacquired by the rotation of the camera or mirror set [4] . This procedure requires a significant period of time (from a few seconds to a few tens of seconds). Therefore, an improved method for tracking the eye in real time is desired. The stereo camera method, which involves wide visual fields, may allow one such method. However, such a system would require complex image processing and great expense. In contrast, the use of ultrasonic sensors presents a relatively inexpensive alternative.
The eyeball rotation center can be assumed to be fixed in the user's head. If the three transmitters are fixed on the user's head, the positional relationship between the eyeball rotation center and the transmitters is therefore also fixed. Once the relationship between the eyeball rotation center and the transmitters is determined, the position of the eyeball rotation center in space can be estimated in real time using the positions of the three transmitters, even if the head moves and rotates. This enables the direction of the camera optic axis to coincide with the eyeball rotation center. As a result, acquisition of the eye image is always possible. The present paper proposes a method by which to determine the direction and position of the head in real time using ultrasonic sensors. In order to measure the direction and position of the head in space, at least three transmitters are fixed on the head, the positions of which must be estimated. This requires at least three receivers. In the case of using only one transmitter, the phase difference method using a continuous wave [5] can be used. However, the simultaneous and continuous ultrasound transmission from three transmitters causes the algorithm of positional determination to be very complex. Accordingly, for the purpose of the present study, the conventional time-of-flight (ToF [6] ) method is useful because the three transmitters can easily send ultrasonic waves using separate time intervals, i.e., a timesliced ToF method. However, the traditional, simple thresholdcrossing ToF method has a low resolution corresponding to the wavelength of the ultrasonic wave [7] . Even recently, according to the manual of the sensor which is used in the present study, it is considered that the resolution of the sensor is 9 mm (wavelength of 40-kHz ultrasound) [8] .
Recently, a more accurate ToF-based method has been proposed [6] , [9] , which utilizes the entire received signal (cross-correlation) rather than the signal at onset. However, upon testing this method on an ultrasonic sensor, which was considered to be most suitable for our purpose (small body and weak directivity), the total oscillating duration of the received signal was found to fluctuate greatly (several wavelengths), thereby reducing the accuracy of the distance measurement. In another method [10] , two pulse trains were supplied to a transducer to produce two interfering (phase inversion) ultrasonic waves. The moment of the zero envelope was detected rather than the moment at which the echo arrives. However, in the corresponding paper, the dispersion of distance measuring was not shown, although the small dispersion is important for our application.
Therefore, in the present paper, a new ToF-based envelope detection method using the FFT-based smoothing method, which detects the beginning of the oscillation in the received signal, is proposed for accurate, real-time distance measurement. This method has high accuracy and measuring frequency sufficient for our application. The total system can be easily implemented with a structure that is well known: a personal computer, an analog-to-digital (A-D) conversion board, relatively simple and small-sized transmitting circuits, conventional receiving circuits 0018-9456/02$17.00 © 2002 IEEE (low-power amplifier with a band-pass filter) and inexpensive ultrasonic sensors. The computer algorithm for evaluation of the ToF is very simple.
The proposed head movement measuring method would have several other applications that need the information of the direction as well as the three-dimensional (3-D) position of an object. The proposed distance measuring method would also be useful for several fields: factory automation, virtual reality, pointing devices and so on.
II. PRINCIPLE OF HEAD MOVEMENT MEASUREMENT USING ULTRASONIC SENSORS
As shown in Fig. 1 , suppose that the three ultrasonic transmitters, , , and , are attached to the head and that the signals from the transmitters are received by three receivers, , , and , which are attached to the frame of a computer screen. The distances between each transmitter and each receiver are measured using an ultrasound time-sliced ToF method, as described below.
The coordinate system is as shown in Figs. 1 and 2(b). The coordinates of , , and are known as ( ), ( ) and ( ), respectively. For simplicity, the respective coordinates of the receivers are the same. If the distances from to , and are measured as , , and , respectively, then exists on three spherical surfaces having centers , , and , respectively, and radii , , and , respectively. Therefore, (1), (2) , and (3) are obtained [see (1)- (5) at the bottom of the page].
Equation (4) is obtained by subtracting (2) from (1) and (2) from (3). Using (4), the and coordinates of are calculated. Equation (5) is obtained by solving (1) for . We obtain the coordinate of by substituting the and coordinates obtained from (4) into (5). Thus, the position of in space can be calculated using the distances , , and . The coordinates of the remaining two transmitters, and , are determined in the same way.
Next, assume the calculated coordinates of , , and to be ( ), ( ), and ( ), respectively, and assume a plane, , that includes , , and The horizontal and vertical angles, and , of the vector are given as (7) or (8) These angles give the direction of the head. In addition, the center of gravity of the three transmitters ( ) is calculated as the position of the head.
III. MEASUREMENT OF DISTANCE BETWEEN TRANSMITTER AND RECEIVER

A. Transmitting and Receiving
Low power, small, and lightweight ( mm, weight 2 g) piezoelectric ceramic ultrasonic sensors (Murata Manufacturing Co., Ltd., MA40S4S for transmitters; MA40S4R for receivers) having weak directivity (80 ) and a central frequency of 40 kHz were used [8] . Fig. 3 shows the system configuration (here, the transmitters and receivers were attached to the respective plates for the experiments). The system consisted of three custom-made transmitting circuits ( , , and ) connected with an oscillator circuit (OSC), three custom-made receiving circuits ( , and , band pass amplifiers having a bandwidth of 4.5-80 kHz), a personal computer (Celeron, 800 MHz) and an A-D converter board (CONTEC, AD12-16U(PCI)E, 12-bit, 16 ch, 1 s for one conversion).
The rectangular pulse train signal sent to the transmitters was generated by the oscillator circuit (39.0625 kHz). In each of the transmitting circuits, the signal was indirectly gated by the computer through the respective digital output terminal of the A-D converter board. The gate opened synchronously with the earliest increase of the pulse train signal, immediately after receiving the order from the computer and then shut automatically after sending out just four pulses to the transmitters. The pulse number of four was determined as the minimum to obtain sufficient oscillation in the received signal.
The three receivers were connected to each channel of the A-D converter board via the respective receiving circuits. The gate-opening signal (trigger signal in Fig. 3 ) automatically initiated 1200-sampling-point A-D conversion, which followed the 350-point delay, for each of the three received signals. The delay was created using the trigger delay start function of the converter. The sampling interval for each signal was 3.2 s, corresponding to eight samples per period of the ultrasonic wave. Since the three channels were used, this sampling interval was the limiting factor when using one A-D converter board. Longer intervals, e.g., four samples per period, increased the dispersion of the measuring distances. The wavelength of the transmitted ultrasonic wave was approximately 8.8 mm. The trigger delay of 350 points enabled measurement of distances greater than approximately 38.5 cm. Fig. 4(a) shows a typical 1200-point digitized received signal. In the proposed ToF method, the increase of the received signal envelope is detected as the ultrasound reaching time. For the envelope detection, we decided to utilize the FFT-based smoothing method because it works as an ideal filter and a very smooth envelope can be easily obtained. For shortening the FFT calculation time, only the portion in which the oscillation appears in the received signal [ Fig. 4(a) , grayed area] should be analyzed. So, a range of 512 points (an involution of 2) was chosen as the adequate range for the analysis. For stable distance measurements, the oscillation of the received signal must finish during the 512 points chosen for the FFT, because in the smoothed wave the signal near the end of the 512 points affects the signal near the beginning due to the properties of the Fourier transformation. In addition, the temporal range must be as stable as possible. The time showing the peak in the received signal [ in Fig. 4(a) ] or the times detected by relatively high thresholds were unstable. In contrast, the times that were detected by lower thresholds were more stable.
B. Calculation of Distance
First, the value and temporal point of the peak were detected as and , respectively. Beginning 200 points before (for reduction of the searching time), the sampled values were scanned with respect to time and the temporal point at which the sample first exceeded 15% of was designated as . Here, was used for reduction of the influence of the oscillation amplitude that changes with the distance. 15% was the lowest possible value, taking the noise level of the received signal into consideration. Beginning 51 points before and ending 460 points after , a total of 512 points were empirically selected for use in the following analyzes [ Fig. 4(b) ]. Second, the 512-point samples were squared [ Fig. 4(c) ]. Third, smoothing in the frequency domain was performed, i.e., the Fourier transform of the squared signal was obtained by FFT, the high-frequency components [components having a frequency higher than six times that of the fundamental frequency ( s Fig. 5 . Relationship between actual and measured distances for one transmitter and one receiver arranged face-to-face.
Hz were reduced to zero and finally the inverse FFT was performed (Fig. 4(d) ]. Here, the cut-off frequency was chosen so that the shape of the smoothed (filtered) wave became as smooth as possible and suitable for the envelope of the squared signal. In the preliminary experiment, the cut-off frequency showed the minimum standard deviation of the measured distances. Fourth, in the smoothed signal, the value and temporal point of the peak were detected as and , respectively. With respect to the time from , the temporal point at which the value first falls below 15% of was designated as . Fifth, the smoothed signal was differentiated [ Fig. 4(e) ] and then scanned with respect to the time from . The temporal point at which the value first became zero was designated as . The resolution of coincides with the A-D sampling interval (3.2 s); this corresponds to approximately 1.1 mm. Sixth, in order to increase the resolution, in the differentiated signal, the zero points were interpolated using a straight line. The precise time at which the interpolation would reach zero was calculated. The time from the start of A-D conversion until this time was used as the ultrasonic ToF. Since the velocity of the ultrasonic wave in the air is given as (9) the measured distance, , was obtained as follows (10) Here, is temperature in degrees Celsius. The reason why was used for ToF determination is as follows. The most important thing for ToF determination is that the dispersion of the ToF is small because its systematic error can be compensated. and the times when the smoothed wave crosses the zero level ( in Fig. 4(d) ) or higher threshold levels were the other candidates for ToF determination. However, showed the least standard deviation.
C. Calibration and Stability of Distance
The measured distances did not coincide with the actual distances. Here, the actual distances were measured manually by using a metal scale with a precision of approximately 0.1 mm. Calibration between the two distances was performed as follows. A transmitter and a receiver were arranged face-to-face. Distance measurements were performed 500 times for each distance, from approximately 400 to 800 mm at 50 mm intervals, as shown in Fig. 5 . In the figure, the dots and corresponding numbers indicate the averages and standard deviations (SD) of in mm, respectively. The SD was between 0.4 and 0.9 mm and a tendency to increase with distance was observed [0.10 0.01% SD (mean and SD)]. The straight line in the figure indicates the regression line, the inclination of which is very close to unity. The correlation coefficient was , indicating a strong linear relationship between the actual and measured distances. Based on the equation of the regression line, the equation used to transform from the measured distance, , into the estimated distance, , is as follows mm (11) Later, this equation is used for correction of the measured data in order to compensate the measured systematic error.
Next, distances between 503 and 513 mm were measured at 1.0 mm intervals (500 measurements for each distance). The maximum and average errors between the averaged and the actual distances were 0.36 and 0.17 mm, respectively. The average and SD of the SDs were 0.52 and 0.02 mm, respectively, indicating an almost constant SD over a narrow distance range (10 mm).
In addition, we examined the effect of the directions of the transmitter relative to the receiver. The direction of the transmitter was physically rotated in five-degree increments in the range of 70.0 degrees in the horizontal plane with respect to the receiver from the face-to-face position (0 ). The SD and the average error of the (500 measurements) were less than 1.0 mm for an angle range of 50 degrees at a distance of 403 mm, for 30 degrees at 603 mm, and for 25 degrees at 703 mm.
IV. MEASUREMENTS OF POSITION AND DIRECTION BY THREE TRANSMITTERS AND THREE RECEIVERS
As shown in Fig. 3 , three transmitters were fixed on a small plate to simulate their attachment to the user's head. Three receivers were arranged on a larger plate in order to simulate their attachment to the frame of a computer monitor screen.
The three transmitters sequentially sent an ultrasonic wave. For each transmission, the respective signals from the three receivers ( , , and ) were A-D converted every 3.2 s. The time from the beginning of transmission of the ultrasonic wave until the end of conversion was 4.96 ms. The three distances ( , , and ) were estimated from the converted signals. Next, the coordinates of the position in space were estimated for the three transmitters using (4) and (5) . Finally, the center of gravity of the transmitters ( ) and the direction of the normal vector of plane P ( and ) were calculated. The time required to calculate these parameters (approximately 10 ms) was longer than that required for the A-D conversion (4.96 ms). Since the converter acquired data independently of the computer, in order to increase the frequency of parameter measurements, the A-D conversion period of time and the period after A-D conversion were used to calculate the parameters. As a result, the parameters were obtained 100 times/s.
Static experiments were performed. The plate having three transmitters (transmitter plate, Fig. 3 ) was moved while the receivers were fixed in space. Another metal plate (base plate) was attached perpendicularly to the transmitter plate in order to stand it. Fig. 6(a)-(c) show the relationships between the actual and estimated positions for , , and , respectively, of the transmitters (Fig. 3) . In each figure, the coordinate of interest is variable and the other two coordinates are constants. The actual positions of , , and were measured manually by using a metal scale with a precision of approximately 0.1 mm. The figures show strong linear relationships, slopes of approximately 1.0 and small SDs. The averages of the SDs for , , and were 1.46 mm, 0.32 mm, and 1.83 mm, respectively. The averaged errors for , and were 1.48 mm, 0.89 mm and 0.75 mm. Fig. 6(d) and (e) show the relationships between the actual and estimated angles for and , respectively. The actual was measured manually by using a protractor, with a precision of approximately 0.1 . The actual was calculated from the position and height of the boards that were inserted under the base plate to incline the transmitter plate. The precision was approximately 0.2 . The averaged errors for and were 0.51 and 0.59 , respectively. The average SD of was 0.46 for an angle range of 40 and those of were 0.64 and 0.93 for angle ranges of 20 and 30 , respectively.
Finally, dynamic experiments were performed. The transmitter plate was moved by hand. As a result, a slight trembling of the plate occurred. Each panel in Fig. 7 indicates the result for the case in which one of the five parameters was varied. The other parameters were set to have approximately the same value as that for the static experiments (Fig. 6) . These results show that the data, except for , was relatively smooth.
V. DISCUSSION
The eye rotation center exists near the center of gravity of the transmitters. Assuming the distance between the eye rotation center and the center of gravity of the transmitters is 5 cm, an error of 2 for , for instance, corresponds to an error of only 1.8 mm from the eye rotation center. This error is not a significant problem for the tracking of the eye rotation center. The results shown in Figs. 6 and 7 indicate that the proposed method for measuring the position and direction of the head has sufficiently high accuracy to direct the camera's optical axis to the eye over a wide spatial range.
Calculation of the distances from the single transmitter to the three receivers using a standard computer required 10 ms. This period of time allowed one hundred measurements of the position and direction of the plate (head) per second. A faster computer will reduce this time, the limitation of which is determined by the measurable distance range (ToF). Under the present setting, the farthest measurable distance is approximately 1100 mm. For this condition, the limitation is approximately 5 ms, corresponding to 200 measurements per second. This frequency of measurement would produce higher accuracy than the experimental results of the present study because the moving average method can be used with negligible delay. As a result, the proposed method would make tracking the eye by open-loop mirror control easy and much more reliable than by using video feedback [3] . In particular, for the case in which the camera loses the image of the eye due to a quick head movement, the proposed method would allow the image to be recaptured immediately. In the present ToF evaluation algorithm for distance determination, the zero crossing point ( ) of the differentiated wave of the envelope of the squared received signal was used as the ultrasonic reaching time. This algorithm can deal with different distances with no modification because it does not depend on the oscillation amplitude in the received signal. The novelty of the algorithm is the use of the FFT-based smoothing method to obtain the envelope. The most important thing was that the entire oscillating portion must be included in the 512 points (window) chosen for the analysis including the FFT, because in the smoothed signal, the signal near the end of the window affects the (the signal near the beginning of the window). For satisfying the condition, in the transmitting circuit developed in the present study, only four pulses were supplied to the transmitter. More pulses prolonged the oscillation duration. As a result, the window did not include the entire oscillation portion, thus increasing the dispersion of the measured distances.
By satisfying the condition, the influence of the change of the oscillating duration upon the detected was minimized. When calculation speeds of computers increase in the future, they will be able to analyze the entirety of the received signal during a time equivalent to the current calculation time. However, the window technique would be useful for more frequent transmissions in that a transmission occurs before the preceding transmission ultrasound reaches the receiver (the received signal includes several oscillation portions). This method increases the frequency of the distance measurements, resulting in the smaller dispersion of the measured distances by increasing the averaging points in the moving average method.
VI. CONCLUSION
In the present paper, we have proposed a high-performance, ultrasonic sensor-based head movement detection system for use in a head-free video-based eye-gaze detection system.
For designing the system, we proposed a simple, high-accuracy distance measuring method that uses an A-D converter and an envelope detection method with the FFT-based smoothing method. In addition, we arranged three transmitters on the apices of a triangle in order to simulate the user's head and the receivers were then arranged on the apices of another triangle. By measuring the distances from each transmitter to all receivers, the positions of the three transmitters were obtained. The center of gravity of the transmitters and the direction of the normal vector of the plane including the transmitters were calculated as the position and direction of the head of the user. The experimental results indicate that the proposed method has sufficiently high accuracy and measuring frequency for adjustment of the optic axis of a camera to the eye. The proposed method would also be useful for adjusting the focus of a zoom lens onto the eye. The method may also be used in a head pointer as another human-machine interface, in which the cursor can be presented at the intersection of the normal line of the plane consisting of the three transmitters and the computer screen plane. In the case of using only one transmitter, the sensor attached to an object becomes very small. Since the 3-D position of the object can be determined, the method would have several applications, e.g., a pointing device by finger.
